Anaerobic benzoate degradation by the phototrophic bacterium Rhodopseudomonas palustris has been proposed to proceed via aromatic ring reduction reactions leading to cyclohex-1-ene-1-carboxyl-coenzyme A (CoA) formation. The alicyclic product is then proposed to undergo three I-oxidation-like modifications resulting in ring cleavage. Illuminated suspensions of benzoate-grown cells converted [7-14C]cyclohex-1-ene-1-carboxylate to intermediates that comigrated with cyclohex-1-ene-1-carboxyl-CoA, 2-hydroxycyclohexanecarboxyl-CoA, 2-ketocyclohexanecarboxyl-CoA, and pimelyl-CoA by thin-layer chromatography. This set of intermediates was also formed by cells grown anaerobically or aerobically on cyclohex-1-ene-1-carboxylate, indicating that benzoate-grown and cyclohex-1-ene-1-carboxylate-grown cells degrade this alicyclic acid by the same catabolic route. Four enzymatic activities proposed to be required for conversion of cyclohex-1-ene-1-carboxylate to pimelyl-CoA were detected at 3-to 10-fold-higher levels in benzoate-grown cells than in succinate-grown cells. These were cyclohex-1-ene-1-carboxylate-CoA ligase, cyclohex-1-ene-1-carboxyl-CoA hydratase, 2-hydroxycyclohexanecarboxyl-CoA dehydrogenase, and 2-ketocyclohexanecarboxyl-CoA hydrolase (ring cleaving). Pimelyl-CoA was identified in hydrolase reaction mixtures as the product of alicyclic ring cleavage. The results provide a first demonstration of an alicyclic ring cleavage activity.
Rhodopseudomonas palustris grows anaerobically on structurally diverse aromatic compounds, and this phototrophic bacterium, along with two strains of denitrifying pseudomonads, has served as a model organism in studies of anaerobic aromatic compound degradation. The degradation pathways generally include steps to convert aromatic compounds to benzoyl-coenzyme A (CoA), the starting substrate for a central pathway of aromatic ring reduction and cleavage (7, 10, 23) . Cyclohex-1-ene-1-carboxylic acid (A-1-chca) is a proposed intermediate of anaerobic benzoate degradation by R. palustris (6, 12, 16) . This alicyclic acid also supports both aerobic and anaerobic growth of this organism (15) . Studies of anaerobic benzoate degradation by R palustris (6, 26) and of aerobic cyclohexanecarboxylic acid degradation by anAlcaligenes strain (3) have led to the formulation of a proposed pathway for A-1-chca degradation which includes CoA thioesterification of the substrate followed by three 1-oxidation-like modifications, resulting in cleavage of an alicyclic ring (Fig. 1) . Although enzymatic activities required for the generation of the ring cleavage substrate, 2-ketocyclohexanecarboxyl-CoA, were detected in the Alcaligenes strain (3), the investigator failed to detect a ring cleavage activity in cell extracts. In a study with R. palustris, Hutber and Ribbons (16) also failed to detect alicyclic ring cleavage and reported only very low level constitutive synthesis of enzymatic activities proposed to mediate conversion of cyclohex-1-ene-1-carboxyl-CoA (A-1-chca-CoA) to 2- ketocyclohexanecarboxyl-CoA.
Here, we have examined A-1-chca degradation by intact cells of R palustris. We have also reexamined enzymatic activities proposed to be involved in the conversion of A-1-chca to a ring cleavage product, using refined assay conditions. Work re-
MATERIALS AND METHODS
Bacterial strains and growth conditions. R. palustris CGA009 was used in these studies (17) . Cultures were grown anaerobically in PM, an inorganic salts medium described previously (17) . Carbon sources were supplied at 3 mM final concentration, except for succinate, 10 mM, and acetate, 9 mM. For anaerobic growth, anoxic sodium bicarbonate (10 mM Chemical synthesis of free alicyclic acids. 2-Ketocyclohexanecarboxylic acid was synthesized from ethyl-2-cyclohexanone carboxylate (Aldrich Chemical Co., Inc., Milwaukee, Wis.) as described by Dieckmann (5) . The structure of the alicyclic product was confirmed by nuclear magnetic resonance (NMR) and gas chromatography-mass spectrometry (GC-MS). 2-Hydroxycyclohexanecarboxylic acid was synthesized by reducing ethyl-2-cyclohexanone carboxylate (1 g) with sodium borohydride (40 mg) in 25 ml of 95% ethanol to produce ethyl-2-hydroxycyclohexanecarboxylate. The product was then hydrolyzed with 20 (20) , with the exception that the final alkali treatment step was omitted. Crude preparations of CoA thioesters obtained by this procedure were usually stored at -20°C until further purification, using C18 reverse-phase cartridges (Sep-Pak; Millipore Corp., Milford, Mass.), with a step gradient of 20 mM KPO4 buffer (pH 6.0) and methanol. C18 cartridges were activated by washing sequentially with 10 ml of methylene chloride, 10 ml of methanol, and 10 ml of H20 and conditioned with 10 ml of 20 mM KP04 buffer (pH 6.0). Cartridges were loaded with 1 ml of a 15-to 20-mg ml-' preparation of the crude acyl-CoA preparation in 20 mM KP04 buffer. The loaded cartridges were washed sequentially with 5 ml of 20 mM KPO4, 15 ml of 20 mM KP04-5% methanol, 2 ml of 20 mM KP04-10% methanol, 10 ml of 20 mM KP04-30% methanol, and 2 ml of 20 mM KP04-50% methanol. The 30 and 50% methanol washes were combined, concentrated by rotary evaporation, and lyophilized. The purified acyl-CoA was desalted by loading 1 ml of a 15-to 20-mg ml-l solution (in water) onto an activated CI8 cartridge and washing with 2 ml of H20. It was then eluted with 10 ml of 50% methanol in H20. The 50% methanol washes were combined, concentrated by rotary evaporation, and lyophilized.
Uptake assays. Uptake assays were performed as described previously (14, 20) . Cells grown anaerobically in completely filled 250-ml bottles were harvested in air by centrifugation, washed once, and resuspended to a final concentration of 0.2 to 0.6 mg of protein ml-' in deaerated 10 mM triethanolamine hydrochloride-10 mM Na2PO4 (TEA-PO4) buffer (pH 7.5) containing 1 mM dithiothreitol (DTT). The resuspended cells were then preincubated in light for 1 h in glass syringes, as described previously (14) . Uptake assays were initiated by adding 300 Rl of cell suspension to 300 ,ul of deaerated TEA-PO4 buffer containing 1 mM DTT and labeled substrate.
Cells to be used in aerobic assays were grown in 1 liter of PM with shaking. Cells were washed as described above, but suspended cells were gently bubbled with air, and assays were carried out in air.
Extraction and analysis of intracellular metabolites. Cells were provided with radiolabeled substrates in short-term. incubations as described above with the following changes. A larger volume (600 pLI) of cell suspension was added to 600 pl of deaerated TEA-PO4 buffer containing 1 mM DTr and labeled compound (30 pLM [7-14C] L_-1-chca, 9 .54 ,uM [7- '4C]benzoate, or 30 ,uM [1,7- '4C]pimelate). Samples (0.350 to 0.40 ml) were filtered and washed as described previously (14) , and the filters were then placed in 1 ml of boiling water for 1 to 2 min before being chilled on ice. Soluble compounds were extracted from cells, concentrated, and chromatographed on cellulose thinlayer plates with fluorescent indicator (Eastman Kodak Co., Rochester, N.Y.), as described previously (20) . Radiolabeled compounds were visualized by autoradiography after thin-layer plates were coated with En3Hance spray (Biotechnology Systems, NEN Research Products, Boston, Mass.) and exposed to X-ray film for 2 to 4 weeks at -70°C. Unlabeled standards were detected by UV absorbance. Lyophilized products were also dissolved in water and analyzed by high-performance liquid chromatography (HPLC), as described below.
Preparation of cell extracts. Cells were harvested by centrifugation, washed once in 10 mM Tris buffer (pH 7.0), and suspended in 10 mM Tris buffer (pH 7.0) containing 1 mM D1T in a volume which would concentrate the cells 250 times. Cells were broken by sonication, and cell debris was removed by centrifugation at 15,600 x g for 10 min at 4°C. The supernatant was centrifuged at 103,000 x g for 1 h at 4°C to pellet the cell membranes. The resulting supernatant, termed crude cell extract, was used in enzyme assays. For cyclohex-1-ene-1-carboxylate-CoA ligase assays, 20 mM TEA buffer (pH 7.0) was substituted for 10 mM Tris buffer (pH 7.0).
Enzyme assays. Cyclohex-1-ene-1-carboxylate-CoA ligase activity was measured by the isotopic assay procedure for This assay is based on enzymatic conversion of [7- '4C]AI-1-chca to a product (zA-1-chca-CoA) that remained hydrophilic at acid pH. Combined A-1-chca-CoA hydratase and 2-hydroxycyclohexanecarboxyl-CoA dehydrogenase activities were assayed in the forward direction, using z1-1-chca-CoA as the substrate (3). The reaction mixture contained 100 mM Tris buffer (pH 8.0), 2.8 mM NAD, 2 mM DTT, and 1.14 mM z\-1-chca-CoA. The reaction was initiated by the addition of 5 to 10 p.l of cell extract. The rate of increase in A340 was recorded with a Beckman DU-64 spectrophotometer (Beckman Instruments Inc., Fullerton, Calif.).
2-Hydroxycyclohexanecarboxyl-CoA dehydrogenase activity was assayed in the forward and reverse directions. In the forward direction, the reaction mixture contained 100 mM Tris buffer (pH 8.0), 2.8 mM NAD, 2 mM DTT, and 1.12 mM 2-hydroxycyclohexanecarboxyl-CoA. In the reverse direction, the reaction mixture contained 100 mM Tris buffer (pH 7.0), 0.28 mM NADH, 2 mM DTT, and 1.12 mM 2-ketocyclohexanecarboxyl-CoA (3). Reactions were initiated by the addition of crude cell extract, and the change in absorbance was recorded at 340 nm. Acetoacetyl-CoA dehydrogenase activity (1.17 mM substrate concentration) was also assayed using the conditions for the reverse assay.
2-Ketocyclohexanecarboxyl-CoA gives an absorbance peak at 314 nm when incubated in the presence of Mg2+ at pH 8 ( Fig. 2) . This is probably due to the formation of an Mg2+-enolate complex similar to that formed by acetoacetyl-CoA in the presence of Mg2+ ions at pH 8 (19, 24, 25) . The characteristic absorbance maximum allowed us to monitor the enzymatic cleavage of 2-ketocyclohexanecarboxyl-CoA in crude cell extracts. 2-Ketocyclohexanecarboxyl-CoA hydrolase (alicyclic ring cleavage) activity was measured as the decrease in A314. The reaction mixture contained 100 mM Tris buffer (pH 8.0), 100 mM MgCl2, and 1.12 mM 2-ketocyclohexanecarboxylCoA. Activity was calculated by using an extinction coefficient of 1,210 M`cm-' for 2-ketocyclohexanecarboxyl-CoA. Acetoacetyl-CoA thiolase activity (0.12 mM substrate concentration) was measured under similar conditions, except that 2 mM CoA was also included in the reaction mixture, and the absorbance decrease was monitored at 305 nm. An extinction coefficient of 16,900 M-l cm-1 was used for acetoacetyl-CoA (2) .
Identification of the ring cleavage product. The ring cleavage reaction (5 ml), carried out as described above, was stopped after 10 min by adjusting the pH to 2 to 3 with 1 N perchloric acid. The acidified mixture was centrifuged for 10 min at 16 ,800 x g at 4°C to pellet the protein. The Protein from cell extracts was determined with a dye-binding assay (4), using reagents from Bio-Rad Laboratories (Richmond, Calif.). Whole-cell protein was assayed as described previously (20 aerobic and anaerobic conditions. However, the rate-limiting steps appear to differ depending on the availability of oxygen, since the concentrations of individual products were different as indicated by the relative intensities of individual spots (Fig.  3) . In these experiments, radiolabeled compounds which comigrated with A-I-chca-CoA, 2-ketocyclohexanecarboxyl-CoA, 2-hydroxycylohexanecarboxyl-CoA, and pimelyl-CoA, four of the proposed intermediates of A-l-chca degradation (Fig. 1) , were identified. The labeled intermediates near the solvent front are probably free acids since labeled free acids used as substrates migrated in this position. A similar product profile was seen in benzoate-grown cells provided with labeled A-1-chca (Fig. 4) (Fig. 4) . The autoradiogram shown in Fig. 4 Comparisons of rates of A-1-chca uptake by illuminated suspensions of succinate-and benzoate-grown cells indicate that A-1-chca uptake is induced by growth on benzoate (Fig. 5) . Uptake of A-1-chca is also an energy-dependent process since cells incubated in the dark and assayed anaerobically under nitrogen in foil-wrapped tubes took up labeled A-1-chca at very low rates (Fig. 5) for the coupled enzymatic reaction than extracts from succinate-grown cells (Table 3) . No activity was detected when benzoate-grown cell extracts were given A-1-chca-CoA as the substrate and NADH as a cofactor. This shows that A-1-chcaCoA was not consumed by an alternate enzymatic reaction that used the NADH produced by 2-hydroxycyclohexanecarboxylCoA dehydrogenase activity.
2-Hydroxycyclohexanecarboxyl-CoA dehydrogenase was assayed in the reverse direction with 2-ketocyclohexanecarboxylCoA as the substrate. Benzoate-grown cells had a 10-fold- hydrolase (ring cleaving)e a Nanomoles of substrate used or product formed. Activities reported are averages of at least two assays of three independently prepared extracts. Cells were grown under anaerobic conditions on the indicated carbon source.
b Measured as the amount of radiolabeled A-1-chca-CoA remaining in the aqueous phase after removal of unreacted A-1-chca by ethyl acetate extraction.
Assayed in the forward direction, using A-1-chca-CoA as the substrate.
Activity was calculated from the nanomoles of NADH formed.
d Assayed in the reverse direction, using 2-ketocyclohexanecarboxyl-CoA as the substrate. Activity was calculated from the nanomoles of NADH that disappeared.
e Measured as the decrease in A314 due to the disappearance of a 2-ketocyclohexanecarboxyl-CoA-magnesium ion complex. Assays were performed at pH 8.0.
higher dehydrogenase activity than succinate-grown cells (Table 3) . Levels of acetoacetyl-CoA dehydrogenase were similar in extracts of benzoate-grown (1, 256 
DISCUSSION
The results of this study indicate that R. palustris metabolizes cyclohex-1-ene-1-carboxylate through three 13-oxidation-like modifications, resulting in ring cleavage to form pimelyl-CoA (Fig. 1) 
